In this study, castor oil (CO) has been investigated as a potential source for biodiesel production in Bangladesh. Castor oil has been extracted from the seeds by mechanical press and the Soxhlet extraction method. Maximum oil content of 55.7% has been found by the Soxhlet extraction method. The physicochemical properties such as free fatty acid (FFA) content, kinematic viscosity, saponification value, and density of the oil have been measured by different standard methods. The FFA content and viscosity have been found considerably higher such as 33.5% and 253 mm 2 /s, respectively. Biodiesel has been prepared using a three-step method comprising of saponification of oil followed by acidification of the soap and esterification of FFA. The overall yield of FFA from CO is found to be around 89.2%. The final step is esterification that produces fatty acid methyl ester (FAME) and a maximum 97.4% conversion of FFA to biodiesel has been observed. The effect of the oil to methanol molar ratio, catalyst concentration, reaction temperature, and time has been investigated for esterification reaction and optimized using the response surface methodology. 1 H NMR of crude castor oil and castor oil methyl ester (COME) was studied and analyzed that confirms the complete conversion of castor oil to biodiesel. Finally, the biodiesel, produced under optimum conditions, was characterized using the various standard method and found comparable with petro-diesel and biodiesel standard.
Introduction
The demand for energy in Bangladesh is increasing rapidly due to the rise of living standard and tremendous economic growth. But, the most dependable source of energy is still now the fossil fuel, mainly natural gas and coal, which is non-renewable in nature and in the near future, the reserves will be depleted. Also, the combustion products of fossil fuels are an atrocious warning to the environment by causing global warming and even some incurable diseases (Aransiola et al. 2014) . To keep in mind the future energy crisis and environmental concern researchers are now concentrating on the renewable sources of energy such as solar energy, wind energy, tidal energy, and biomass energy.
Biodiesel, derived from biomass, is being considered as one of the promising bio-fuels and gaining attention due to its nontoxic, biodegradable nature (Ashraful et al. 2014; Ma and Hanna 1999) and its usability in a diesel engine without any engine modification (Ong et al. 2014) . Also, the higher combustion efficiency of biodiesel reduces more than 90% of the total unburned hydrocarbon. As a result, a significant reduction in particulate matter and CO emissions achieved as compared to petro-diesel (Mardhiah et al. 2017; Srivastava and Prasad 2000) .
Chemically, biodiesel is defined as a mono alkyl ester of long chain fatty acids derived from a variety of feedstocks including vegetable oils or animal fats. (Öner and Altun 2009) . Commercial production of methyl ester began in Europe in 1990. More than 2.7 million tonnes biodiesel was produced in Europe in 2003, but their target is around 20% total diesel market in 2020. At present, 120 biodiesel plants are operating in the Europe which produces more than 22 million tonnes of biodiesel per year. Germany, Spain, France, Italy, and Netherlands are the leading producer of biodiesel in Europe (Budžaki et al. 2017; Talebian-Kiakalaieh, Amin, and Mazaheri 2013) . In the USA, currently, 97 biodiesel plants are operating with a capacity of 2.3 billion gallons per year (Energy 2017) .
Depending on the climate and geographical positions, different countries are looking for different types of feedstocks for biodiesel production as it accounts 70-80% of the total production costs (Hajjari et al. 2017; Mahmudul et al. 2017) . Currently, vegetable oils are being used as the prominent feedstocks for biodiesel in different countries. For example, soyabean oil in the US, rapeseed and sunflower oils in Europe, palm oil in Southeast Asia (mainly Malaysia and Indonesia), and coconut oil in the Philippines are being considered (Morshed et al. 2011) . However, 95% of the biodiesel is now being produced from edible oils, which has recently been of great concern as they compete with food materials -the food versus fuel dispute (Atabani et al. 2014; Mardhiah et al. 2017) . Many researchers have recommended that non-edible vegetable oils such as Ricinus communis (castor) (Ferdous et al. 2013) , Pongamia pinnata (karanja) (Gupta, Kiro, and Deo 2016) , Maduca indica (mahua) (Ghadge and Raheman 2005) , Hevea brasiliensis (rubber seed) (Morshed et al. 2011) , Jatropha curcas (Jatropha) (Berchmans and Hirata 2008) , and Aphanamixis Polystachya (Pithraj) (Palash et al. 2015) have high potential for biodiesel production. In Bangladesh, Castor (Ricinus communis) plant is available everywhere in waste places, fallow fields, and along the roadside. It is an oleaginous species cultivated in almost all of the tropical and subtropical zones, contains ricinoleic acid (12-hydroxy-9(Z)-octadecenoic acid) as the major constituent (85-90%) of its fatty acid profile (Cao and Zhao 2013; Knothe, Cermak, and Evangelista 2012) . The presence of high percentage of ricinoleic acid made the uses of castor oil in IC engine complicated as it imparts extremely high viscosity and high moisture content. However, the methyl ester of CO is better adapted as a fuel for diesel engine.
Many researchers studied the production of biodiesel from castor oil as feedstock via catalyzed transesterification. An alkalicatalyzed process gives high purity and high yield of biodiesel within a short time (30-60 min); however, it is very much sensitive to the free fatty acid and moisture content of the feed oil which associated with soap formation and hydrolyze reactions that reduce yield of the reaction (Maleki, Aroua, and Sulaiman 2013; Verma and Sharma 2016) . Acid catalyzed transesterification is independent of FFA content of feedstock and gives relatively higher yield of biodiesel however, slower reaction rate and the formation of undesired secondary products like dialkyl or glycerol ethers require additional separation steps which make this process less attractive for industrial purposes (Abdullah et al. 2017; Leung, Wu, and Leung 2010) . Different types of heterogeneous catalysts (CaO, ZnO, Al 2 O 3 , MgO, TiO 2, etc.) are also being investigated for biodiesel production. However, low catalytic activity is observed due to the formation of three phases with oil and alcohol during the reaction, which leads to mass transfer limitations (Baskar and Aiswarya 2016; Bet-Moushoul et al. 2016) . Usage of immobilized enzymes in transesterification reaction eliminates soap formation and purification process is also simple to accomplish; yet, they are less often used commercially because of the longer reaction times and higher cost (Aransiola et al. 2014; Liu et al. 2016) . Also, some study was carried out on the non-catalytic supercritical transesterification process to produce biodiesel from vegetable oil. Due to the severe reaction conditions and high operational costs, it is not a viable option for industry level commercialization (Islam et al. 2014) . Recently, Kaniz et al. (Ferdous et al. 2013 ) studied the production of biodiesel from higher FFA containing castor oil by the two-step method where FFA was converted to biodiesel by homogeneous acid-catalyzed esterification followed by base catalyzed transesterification of the esterified oil. However, if the FFA content of the oils or fats is very high, esterification in a single step cannot reduce the FFA efficiently because of the water produced during the esterification reaction (Morshed et al. 2011) .
In the present study, an attempt was made to prepare biodiesel from castor oil containing higher FFA content by the method proposed by Morshed et al. (Morshed et al. 2011) . At first, the crude oil was saponified to produce soap and then acidified to produce FFA. The FFA was then further esterified to prepare castor oil methyl ester (COME). To the best of our knowledge, there is no report regarding the production of biodiesel from castor oil using the method mentioned above. Most of the literature deals with the transesterification process where the raw oil has a lower FFA content. It is worth quoting that higher FFA content and viscosity, a typical problem in biodiesel production from castor oil, may be overcome by using this method. Moreover, optimization of the production of biodiesel from FFA was studied using the Response Surface Methodology (RSM). RSM is a collection of statistical and mathematical techniques that have been using for optimizing processes in which a response of interest is influenced by several process variables (Baş and Boyacı 2007; Bezerra et al. 2008) . Analyzing the effect of all independent variables and their interactions a model was developed to find out the optimum conditions.
Materials and methods

Chemicals
Methanol (99-100%), ethanol (99-100%), sodium hydroxide pellets (96%), potassium hydroxide pellets (>84%), phenolphthalein (pH 8.2-9.8), starch, acetone (99%), n-Hexane (96%), hydrochloric acid (37%), isopropanol, iodine, sodium iodide, glacial acetic acid, bromine, carbon tetrachloride etc. were purchased from Merck, Germany. All the chemicals used were analytical reagent grade.
Extraction of oil
Castor seeds were collected from the roadside of the Sylhet region in Bangladesh. Oil from the seed was extracted by mechanical press and the Soxhlet extraction method. A vertical, manual operated, cylindrical (4.3 cm ID) mechanical press was constructed which has a spiral screw that conveys the mass from the hopper to pressure raising area. Slow and continuous rotation of the press allows raising sufficient pressure for the extraction of oil. After oil extraction, it was filtered and stored at room temperature for further use. A Soxhlet Extraction unit was used for oil extraction, where hexane was refluxed for 6-hr for a given amount of kernel mass.
Preparation of biodiesel
In the present work, the three-step method proposed by Morshed et al. (Morshed et al. 2011 ) has been used for the synthesis of biodiesel from castor oil. In brief, castor oil was saponified, acidified and esterified sequentially. In the saponification reaction, aqueous sodium hydroxide solution was used to saponify the oil. The saponification reaction can be summarized as in Figure 1 .
Saponification process was carried out in a 500 mL threenecked round bottom flask equipped with reflux condenser, magnetic stirrer and thermometer. Castor oil (100 g) was reacted with a different stoichiometric molar amount of sodium hydroxide at a temperature of 100°C under reflux with vigorous stirring. The reaction was stopped by cooling the reaction mixture. After saponification, the following second step was acidification in which the soap solution was reacted with a stoichiometric molar amount of concentrated hydrochloric acid to produce FFA by the following reaction ( Figure 2 ) Acidification reaction was carried out at a temperature of 60-70°C with vigorous stirring. After dissolving the soap, the upper organic part, called FFA, was separated in a separatory funnel, washed with water, dried at 100°C and stored for further use.
In the final step, the FFA was converted to biodiesel by acid catalyzed esterification reaction with methanol as shown in Figure 3 .
The reaction was carried out at 60°C and atmospheric pressure. Typically, 100 g stored FFA was put into a threenecked 500 mL round bottomed flask equipped with a reflux condenser and thermometer. The flask was placed in an electric heater with a temperature controller and magnetic stirrer. The required amount of sulfuric acid (as a catalyst) was mixed with methanol and transferred into the reaction medium. After the reaction, excess methanol was recovered by distillation, and the contents were cooled to room temperature. The reaction product was washed with hot water, and the organic phase was collected and dried under vacuum at 100°C for 30 min. In esterification, reaction water is produced, which decreases the reaction rate. To eliminate this problem silica gel was used in esterification reaction to adsorbs water produced in the esterification reaction.
Analytical methods for oil and biodiesel
FFA in the oil and biodiesel samples was analyzed by the method described in AOCS Aa 6-38 (1994). For determination of FFA content of the sample, 4-5 g of samples were dispersed in isopropanol (75 ml) and hexane (15 ml) followed by titration against 0.25 N NaOH solution. Saponification value (SV) was determined by the standard method (Jeffery et al. 1989 ). Typically, 1 g sample was taken with 25 mL alcoholic KOH solution, heated for 1 hr in a steam bath with occasional shaking and titrated the excess KOH with the 0.5 M hydrochloric acid solution. The iodine value (IV) was determined by the method described in American Oil Chemist's Society. To determine IV, titrating the mixture of tested fuel and chemical reagents against 0.01 N sodium thiosulfate solution until the disappearance of the blue color. IV was calculated by the following Eq. 1:
where S and B are the amounts (in unit of ml) of sodium thiosulfate solution required for titration of the tested sample and blank sample, respectively. N is the molar concentration (in unit of mol/L) of sodium thiosulfate solution, and W is the weight (in unit of g) of the tested sample. Physical properties such as moisture content, density and calorific value of the oil were determined by following ASTM 
Experimental design for optimization
There are four factors (FFA to methanol molar ratio, catalyst concentration, temperature and reaction time) that affect the esterification reaction to produce biodiesel from FFA. To study the effect of all variables on FFA conversion, 2 4-1 factorial experimentations were carried out on two levels. The real and coded values of these variables are presented in Table 1: This fractional factorial design results in eight experimental points and all experiments were conducted in triplicate to reduce variability in the data collection, are presented in Table 3 . The complete regression equation that describes the contribution of all the factors on the biodiesel production is as follows: 
Results and discussion
Oil extraction and its properties
Oil was extracted from the castor seed by mechanical press and the Soxhlet extraction method, and the oil content was found as 48.3% (v/wt) and 55.7% (v/wt), respectively. Physical properties of the oil were measured by the standard method and presented in Table 2 . It is seen that the FFA content and viscosity of the castor oil is much higher that restricts its direct use as an engine fuel. The molecular weight of the oil was calculated from the composition of fatty acid found in the literature (Berman, Nizri, and Wiesman 2011) .
Preparation of biodiesel
Preparation of FFA FFA was prepared from castor oil by saponification reaction followed by acidification. Saponification is a reversible reaction. So to keep the oil as a limiting reactant excess amount of base was used to achieve complete conversion. Morshed et al. (Morshed et al. 2011 ) studied the saponification of rubber seed oil with alcoholic sodium hydroxide to prepare FFA. It requires a relatively high molar amount of oil to sodium hydroxide (1:6) to achieve the complete conversion of oil to soap. In this study, saponification reaction was carried out with aqueous sodium hydroxide (NaOH) solution. To investigate the effect of the molar amount of sodium hydroxide, the reaction was conducted with three different molar ratios at a temperature of 100°C with vigorous stirring for 1 hr, and the effects are presented in Figure 4 . Conversion of saponification reaction was measured by measuring the concentration of FFA produced after saponification and acidification. Complete conversion of Oil to FFA was obtained at a 1:3 oil to NaOH molar ratio. The overall yield of FFA was found as 89% by this method.
Preparation of biodiesel from FFA Biodiesel was prepared from FFA by acid catalyzed esterification reaction. In the esterification reaction, FFA reacts with a monohydric alcohol such as methanol in the presence of concentrated sulfuric acid as a catalyst. Various reaction parameters that affect the esterification reaction are the FFA to methanol molar ratio, catalyst concentration, reaction temperature and time. All the parameters were optimized.
Effect of the FFA to methanol molar ratio. The methanol/ FFA molar ratio is one of the important variables that affect the FFA conversion to biodiesel. From the reaction stoichiometry, it is evident that 1-mole methanol is required for 1 mole of FFA to convert biodiesel. Since the reaction is reversible, the excess amount of alcohol is used to shift the reaction equilibrium, to avoid the reverse reactions and to accelerate the process (Freedman, Pryde, and Mounts 1984) . The reaction was carried out at four different FFA to methanol molar ratio with a catalyst concentration of 5wt% of FFA at 60°C for 1 hr, and the results are represented in Figure 5 . From Figure 5 it was observed that the conversion of FFA to biodiesel increases as the molar ratio of methanol/FFA increases. The maximum conversion was 97.4% at a molar ratio of methanol to FFA 9:1. A further increase in the molar ratio of methanol does not increase the conversion significantly.
Effect of catalyst concentration. Figure 6 represents the effect of sulfuric acid concentration as a catalyst for esterification of FFA to biodiesel. Catalyst enhances the rate of a reaction by reducing the activation energy. To investigate the effect of catalyst concentration esterification reaction was carried out at four different amount of catalyst concentration. All the reactions were conducted at 1:9 FFA to methanol molar ratio at 60°C for 30 min. The best result was obtained at a catalyst concentration of 5 wt% of FFA. A further increase in the concentration of catalyst makes the color of the biodiesel darken.
Effect of temperature. Reaction temperature is also an important parameter that alters the rate of a reaction. The rate of a reaction increases with the increase in temperature. Reaction was carried out at different temperature and results are presented in Figure 7 . From Figure 7 it was observed that, the highest conversion was found at a temperature of 60°C. Further increase in temperature conversion remains unchanged.
Effect of reaction time. Figure 8 represents the conversion kinetics of COME from FFA. The reaction was carried out at 1:9 FFA to methanol molar ratio with a catalyst concentration of 5 wt Figure 1 . Saponification reaction.
% of FFA at 60°C. From this figure, it is clear that the maximum conversion of FFA to COME was obtained within 30 min.
Optimization of the process
Optimization study was carried out by the factorial design of the experiment. The fractional factorial design is the simplified form of full factorial design that is used to reduce the number of experiments when there are many factors included in the study (Hinkelmann and Kempthorne 2012) . Eight sets of experiment were run to investigate the effect of all independent variables and their interactions, and the results are shown in Table 3 . All experiments were conducted in triplicate to reduce variability in the data collection. Table 4 represents the estimated effects and regression coefficients, along with the corresponding standard deviation and t-statistics (T) values for the main effects and second-order interaction terms. The main regression equation, after putting values of all coefficients, is as follows:
The estimations of main effects of the variables, together with their interaction terms, are shown on a normal probability plot of effects ( Figure 9 ). All effects which are significant have non-zero means and are located far away from the straight line. In contrast, the insignificant effect is normally distributed with mean zero and tends to fall in a straight line in the plot. The larger the significant effects, the further away they are from the straight line. Pareto chart (Figure10) confirms the results of effects that obtained from the normal probability plot (Figure 9 ). The vertical line in the Pareto chart specifies the minimum statistically significant magnitude of effect for 5% significance level, while the horizontal column lengths are proportional to the degree of significance of each effect. Any effect or interaction that exceeds the vertical line is considered significant. From this analysis, it was found that the only insignificant effect is the AD interaction. After neglecting the insignificant terms at 5% significance level, a reduced model of Eq. (3) was produced:
In Eq. (4), the positive sign of coefficients indicates their synergistic effects on %Conversion while the negative sign of coefficient denotes an antagonistic effect. In addition, the size of regression coefficients (Eq. (4)) denotes the degree of significance of each independent variable on % Conversion of FFA to Biodiesel. Figure 11 (a) and (b) shows the response surface plot for FFA conversion as a function of methanol molar ratio, catalyst concentration and methanol molar ratio, temperature, respectively. It can be observed from response surfaces that FFA conversion increases with the increase of both catalyst concentration and FFA to methanol molar ratio (Figure 11(a) ). At lower methanol molar ratio, the maximum catalyst concentration does not influence the FFA conversion significantly. However, at higher methanol molar ratio a noticeable conversion was observed even at lowest catalyst concentration. Thus, the increase in methanol molar ratio has a larger impact on FFA conversion than catalyst concentration. Also, the effect of temperature on FFA conversion is less significant than the effect of methanol molar ratio (Figure 11(b) ).
The adequacy of fit of the reduced regression model for % Conversion (Eq. (4)) was analyzed by ANOVA at the 5% significance level (Table 5) . From Table 5 , the high F and low P values of the main effects and the two-way interactions suggest that they contribute significantly to the response (% Conversion). The R 2 value of the model obtained is 99.79% (Table 5 ). This denotes that only 0.21% of the total variability is not explained by the regressor in the model. The small Figure 9 . Normal probability plot of standardized effects for %conversion. difference between the R 2 and R 2 (adj) values, that is 0.09%, implies that there is a least chance that insignificant terms have been included in the model (Myers, Montgomery, and Anderson-Cook 2009) . Hence, the reduced model (Eq. (4)) can be used as a predictive tool to obtain %Conversion of Biodiesel from FFA over the entire uncertainty range of the studied variables.
Characterization of biodiesel
NMR study 1 H NMR spectroscopy was studied to investigate the presence of triglyceride (TG) backbone and methyl ester in the oil and biodiesel sample and its spectrum is shown in Figure 12 . Glyceridic protons of triglycerides are assigned in the range of 4-4.5 ppm (Morshed et al. 2011) . From the spectrum of raw oil it is seen that two distinct peaks are available in that region however, in the biodiesel spectrum it is totally absent. In addition the characteristic peak of methoxy protons was observed at 3.62 ppm and peaks of α-CH 2 protons at 2.26 ppm in the biodiesel sample. These two peaks are the distinct peaks for the confirmation of methyl esters present in biodiesel.
Distillation characteristics study
The distillation characteristics of hydrocarbons are a measure of volatility of a liquid fuel and have enormous implication on the engine performance and safety. Volatility is the major determinant of the tendency of a liquid fuel to produce potentially explosive vapor and proper air fuel mixture. The low volatility of a fuel (high boiling point range) could cause a poor atomization, leading to a potential formation of soot particles and a proportion of unburnt and/or partially burned droplets (Encinar, Gonzalez, and Antonio 2005) . Figure 13 depicts the distillation behavior of biodiesel (B100), biodiesel blend (B70) and petro-diesel at different temperature regions. It is seen that the biodiesel has a much narrower boiling range, but higher value, 196-432°C, while petroleum diesel has a uniform boiling range of 139-370°C. For biodiesel there is a slight change in boiling temperatures from 10 vol% fraction to 70 vol% fractions while it increased steadily in the case of conventional diesel. This narrow range can be explained as the biodiesel consists mainly of alkyl esters that have a little difference in the boiling temperature. However biodiesel blend shows almost similar pattern in boiling range with petro-diesel, but a higher value. The initial boiling point was almost same, but the final boiling point decreased at 392°C.
Physical and chemical properties of biodiesel
Physical and chemical properties of the produced biodiesel including density, kinematic viscosity, FFA content, iodine value, saponification value, cetane number, flash point, cloud point, pour point, and calorific value is presented in Table 6 . The properties were compared to the petroleum diesel, EN 14214 and ASTM 6751 biodiesel standards. The comparison of these properties with petroleum diesel showed that density, FFA content and kinematic viscosity values of the biodiesel is relatively higher than petroleum diesel. The flash point of the biodiesel was 178°C, which is a high value that has the benefit of higher safety than the petroleum diesel for transport purposes. However, the biodiesel's cloud and pour points were considerably higher than petro-diesel. Therefore, the biodiesel is less suitable to be used in winter time. The calorific value of the biodiesel was found to be 36.25 MJ/kg which is lower than the diesel standards due to the presence of oxygen in biodiesel (Ramadhas, Muraleedharan, and Jayaraj 2005). The cetane number of biodiesel is found as 53.7 which is higher than diesel fuels and implies short ignition delay. According to the above result, some properties such as FFA content, kinematic viscosity and density of the produced biodiesel did not meet the appropriate standard limit. Kinematic viscosity is the most important property of biodiesel since it affects the fluidity of the fuel during operation. Moreover, high viscosity may lead to the formation of soot and engine deposits due to insufficient fuel atomization (Encinar, Gonzalez, and Antonio 2005) . To overcome this problem biodiesel was blended with diesel at different volumetric proportion and the kinematic viscosity of the blended biodiesel was investigated. The results are presented in Figure 14 . From the figure, it can be seen that the mixture of 70% biodiesel and 30% diesel by volume named B70 match with the physical properties of biodiesel standard. 
Conclusion
Biodiesel was prepared from castor oil by the three-step method. Due to high FFA content of the crude oil, it was first subjected to saponification followed by acidification reaction to produce FFA. The FFA was then converted to biodiesel by the esterification reaction. Optimization of the esterification reaction parameters was studied using the response surface methodology, and a regression equation was developed for biodiesel conversion from castor oil. 1 H NMR study confirms the removal of TG backbone and the presence of methyl ester in the biodiesel. However, the viscosity of the biodiesel was slightly higher than biodiesel standard. This problem can be overcome by blending of biodiesel with petro-diesel, and a blending of B70 can be successfully used as fuel in a diesel engine.
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